ABSTRACT OBJECTIVES This study sought to assess the diagnostic impact of stress echocardiography (SE) in patients with suspected low-flow, low-gradient aortic stenosis but normal resting transvalvular flow rate.
Rather than quantifying ejection flow, much of the research to-date, and consequently clinical practice, has focused on surrogate measures during rest and SE. Impaired LVEF has been assumed to be a prerequisite to the existence of a low-flow state, and in routine clinical practice, an LVEF <40% to 50% remains the principal "red flag" for suspecting LFLGAS (4, (7) (8) (9) .
However, LVEF is poorly correlated with flow state.
Cardiac output, stroke volume (SV), and flow rate can all be preserved in patients with reduced LVEF and a dilated heart (10) . Conversely, in patients with preserved LVEF, but advanced hypertrophic remodeling/ restrictive physiology, the consequent reduction in SV has been used to define "low-flow" in these patients (11) .
Flow rate can be simply measured during rest and SE, by dividing the SV by the systolic ejection period (SEP), with a normal rate considered to be 200 ml/s (12) . We hypothesized that transvalvular flow rate is superior to both SVi and LVEF in predicting the impact of flow correction on AVA in patients undergoing SE. Chahal et al.
METHODS
Flow Rate and Low-Gradient Severe AS
Multiple logistic regression was used to identify independent, resting correlates of TSAS using a stepwise method, adjusting for relevant echocardiographic variables. Statistical significance was defined as p < 0.05, and all statistical analyses were performed using SPSS version 19 (IBM, Armonk, New York).
RESULTS
Analysis was performed in 67 patients who met the inclusion criteria and who successfully underwent both rest and SE. The mean age of our cohort was 77 AE 9 years and 60% of the patients were male. Dobutamine stress was performed in the majority (73%).
There were no significant differences in the demographic or baseline echocardiographic parameters between dobutamine and exercise stress groups, except that the former group had significantly more patients with reduced LVEF at rest (41% vs. 59%; p < 0.001) and SE (49% vs. 62%; p ¼ 0.03). The impact on AVA following stress and augmentation of flow/EF state within groups using paired Student t test are shown in Table 2 . Irrespective of LVEF or SVi at rest, significant increases in AVA were observed with stress. However, when Figure 1A ). Of the 3 patients that were classified as not having TSAS according to these criteria, 2 achieved MG $40 mm Hg during stress, with their stress AVA remaining <1.1 cm 2 ;
these patients could clinically be considered to have severe AS. Thus, at a normal resting flow rate, all but 1 patient demonstrated hemodynamic features of severe AS, improving the PPV to 95% (Table 3) .
However, patients with normal SVi at rest had a PPV of 55% for defining TSAS using conventional criteria (Table 3) , increasing to 70% when only an increase in stress MG to $40 mm Hg was evident ( Table 3) .
Receiver-operating characteristic curve analysis of rest flow rate for predicting TSAS gave an area under the curve of 0.84 and a flow rate of 199 ml/s for optimal accuracy in predicting TSAS, which can be approximated to 200 ml/s for routine clinical practice.
A logistic regression analysis of resting function parameters (LVEF, SVi, and flow rate) is presented in Table 4 , with only flow rate being independently Q ¼ flow rate; other abbreviations as in Table 1 . We studied patients with both preserved and PSAS. However, changes in AVA were found to be real rather than due to artifact in an experimental model using fixed and compliant orifices interrogated with particle imaging velocimetry (14) . Finally, there may be patients without contractile reserve in this group whose status of AS may be undetermined. This is likely to be small because flow rate increased significantly both in the low and normal rest flow group during stress.
IMPORTANCE OF DEFINING EJECTION FLOW, LIMITATIONS
OF STROKE VOLUME AND LVEF. There has been considerable interest in defining a "low-flow state" in patients with suspected severe AS but in whom the Consequently, the ejection period is lengthened and for the same heart rate, a patient with moderate stenosis will have a higher flow rate than a patient with severe AS will, but they will have similar SV.
Thus, EF is not only determined by underlying systolic function, it also intrinsically reflects the severity of outflow tract obstruction-being reduced in severe stenosis due to prolongation of ejection time. In severe AS, flow rate can be significantly diminished but SV may remain in the normal range, potentially confounding interpretation of discordant valve area and gradient data.
Flow rate is more closely correlated with cardiac output, which will both vary with changes in heart rate. However, SV will plateau and then diminish with increasing heart rate (16); this phenomenon should be taken into consideration when calculating SV increase during SE as a measure of contractile reserve. Also, the optimal cutoff values for low SVi also remain to be defined and will vary according to the technique used (volumetric vs.
Doppler) and demographic variables such as age, sex, and ethnicity (17) . Conversely, in patients with normal LVEF but concentric LV remodeling and small volumes, both SVi and flow rate may be attenuated.
WHAT IS A NORMAL FLOW RATE? As mentioned earlier, recognizing that flow heterogeneity exists in patients undergoing dobutamine SE and the importance of true flow, the concept of a standardized flow rate of 250 ml/s was proposed, allowing projected AVA to be determined (15) . The value of 250 ml/s chosen was an arbitrary one, based on data reported from previous studies of patients with AS. However, flow at this rate would be associated with a supranormal cardiac output w6.1 l/min, at a heart rate of 70 beats/min and SEP of 350 ms. In our cohort of patients with suspected severe AS, only 1 patient had a rest flow rate of >250 ml/s, who ultimately had nonsevere stenosis with stress AVA increasing to >1 cm 2 .
We chose a cutoff for normal flow rate of 200 ml/min as used in experimental studies (12) , which for a heart rate of 70 beats/min and a SEP of 350 ms corresponds to a normal cardiac output of 4.9 l/min. Moreover, a receiver-operating characteristic curve analysis of rest flow rate for predicting TSAS gave a flow rate of 199 ml/s for optimal accuracy in predicting TSAS, which can be approximated to 200 ml/s for routine clinical practice.
STUDY LIMITATIONS. This study has a retrospective design, with relatively small number of patients.
Thus, further studies in larger and prospectively determined cohorts are required with follow-up for hard events to confirm the utility of resting flow rate in helping to classify AS severity. 
CONCLUSIONS

